The striatum, the input structure of the basal ganglia, is a major site of learning and memory for goal-directed actions and habit formation. Spiny projection neurons of the striatum integrate cortical, thalamic, and nigral inputs to learn associations, with cortico-striatal synaptic plasticity as a learning mechanism. Signaling molecules implicated in synaptic plasticity are altered in alcohol withdrawal, which may contribute to overly strong learning and increased alcohol seeking and consumption. To understand how interactions among signaling molecules produce synaptic plasticity, we implemented a mechanistic model of signaling pathways activated by dopamine D1 receptors, acetylcholine receptors, and glutamate. We use our novel, computationally efficient simulator, NeuroRD, to simulate stochastic interactions both within and between dendritic spines. Dopamine release during theta burst and 20-Hz stimulation was extrapolated from fast-scan cyclic voltammetry data collected in mouse striatal slices. Our results show that the combined activity of several key plasticity molecules correctly predicts the occurrence of either LTP, LTD, or no plasticity for numerous experimental protocols. To investigate spatial interactions, we stimulate two spines, either adjacent or separated on a 20-lm dendritic segment. Our results show that molecules underlying LTP exhibit spatial specificity, whereas 2-arachidonoylglycerol exhibits a spatially diffuse elevation. We also implement changes in NMDA receptors, adenylyl cyclase, and G protein signaling that have been measured following chronic alcohol treatment. Simulations under these conditions suggest that the molecular changes can predict changes in synaptic plasticity, thereby accounting for some aspects of alcohol use disorder.
Introduction
Alcohol use disorder is a costly, societal burden with several behavioral characteristics that impair treatment success. First, chronic alcohol use exhibits characteristics of compulsive use (Everitt & Robbins, 2005) , hindering the ability to avoid drinking in the face of negative consequences. In addition, the tendency to relapse when exposed to environmental or sensory inputs that were previously associated with alcohol use impairs long-term success of withdrawal treatments (Seo & Sinha, 2014) . In both humans and rodent models of withdrawal, relapse in response to environmental cues, despite extinction of instrumental responding (Ciccocioppo et al., 2001; Nic Dhonnchadha & Kantak, 2011) , suggests overly strong goal-directed learning (Heinz et al., 2009) . On the other hand, persistent behavior (e.g., alcohol use) despite reward devaluation (i.e., negative consequences) is characteristic of habitual behavior (Yin et al., 2004; Barker et al., 2015) .
Numerous studies have highlighted the involvement of the basal ganglia in both habitual behavior and reward learning. In particular, association of environmental or sensory cues with rewards (goaldirected learning) occurs not only in ventral striatum (nucleus accumbens) but also in dorsomedial striatum (Devan et al., 1999; Gremel & Costa, 2013; Her et al., 2016) . In addition, behavior that becomes habitual is learned by or transferred to the dorsal striatum (Yin et al., 2004; Gremel & Costa, 2013; Goodman et al., 2016; O'Hare et al., 2016; Smith & Graybiel, 2016) . Thus, understanding how alcohol produces overly strong associations, habits, and relapse requires a deeper understanding of how goal-directed and habitual memories are stored in the striatum.
Striatal synaptic plasticity is a mechanism underlying striataldependent learning and adaptive changes in behavior (Yin et al., 2009; Shan et al., 2014; Hawes et al., 2015) . Depending on the temporal pattern of synaptic inputs, either strengthening (LTP: longterm potentiation) or weakening (LTD: long-term depression) occurs (Reynolds & Wickens, 2002; Pawlak et al., 2010) . The molecular mechanisms underlying synaptic plasticity are diverse and depend on the stimulation pattern (Kreitzer & Malenka, 2008) . For example, some types of LTD are N-methyl-D-aspartic acid (NMDA) receptordependent (Pawlak & Kerr, 2008) , whereas other types of LTD, for example, those induced with high-frequency stimulation, are NMDA receptor-independent (Calabresi et al., 1992; Shindou et al., 2011; Paille et al., 2013) . The diversity of stimulation patterns and molecular mechanisms hinders a comprehensive understanding of striatal synaptic plasticity and memory storage.
Converging evidence from alcohol studies (Shen et al., 2011; DePoy et al., 2013; Ma et al., 2017) reveals aberrant synaptic plasticity following chronic alcohol treatment, both in the dorsomedial striatum and in the dorsolateral striatum. Altered synaptic plasticity during alcohol intoxication is thought to contribute to overly strong habit learning, whereas alterations after withdrawal are thought to contribute to relapse as well as other cognitive and behavioral changes (Gremel & Lovinger, 2016) . Several of the molecular mechanisms underlying striatal synaptic plasticity are altered after withdrawal from chronic alcohol (Abrahao et al., 2017) . Calcium influx through NMDA-type glutamate receptors is enhanced (Wang et al., 2010; Chen et al., 2011; Ma et al., 2017) , several molecules in the G-protein-coupled pathways are altered (Lucchi et al., 1983; May et al., 1995; Nestby et al., 1999; Kashem et al., 2012) , and cannabinoid receptor type 1 (CB1R) signaling is downregulated after withdrawal from alcohol (DePoy et al., 2013) . A key question is whether these identified molecular changes can contribute to relapse or other behavioral and cognitive changes including enhanced alcohol seeking and consumption.
To better understand molecular mechanisms underlying striataldependent learning, we developed a comprehensive model of signaling pathways to determine whether the activation of the set of critical molecules can predict and explain the set of synaptic plasticity publications. Furthermore, we created a chronic alcohol-treated model to identify which of the altered molecular mechanisms contribute most significantly to changes in synaptic plasticity that may be associated with pathological behavior such as enhanced alcohol seeking and consumption.
Methods

Ethical approval
All animal handling and procedures were in accordance with the National Institutes of Health animal welfare guidelines. The voltammetry experiments were performed at the National Institute on Alcohol Abuse and Alcoholism and were approved by the National Institute on Alcohol Abuse and Alcoholism Animal Care and Use Committee (protocol LIN-DL-1).
Model
To investigate how temporal patterns of synaptic activation control the development of potentiation vs. depression, we created a multicompartmental, stochastic reaction-diffusion model of signaling pathways activated by calcium influx and metabotropic receptor activation (Fig. 1A) . The model incorporated the signaling pathways from several prior models (Oliveira et al., 2012; Kim et al., 2013) and added in muscarinic type m1 and m4 receptors (Nair et al., 2015) , as well as exchange factor activated by cAMP (Epac1). The list of reactions and rate constants of the model is available on github (https://github.com/neurord/D1pathways/blob/master/Rxn_ SPNspineAChm4R_Gshydr5_AC1_GiGsfast-GapD.xml).
The signaling pathways were simulated within one of two morphologies: either a 2-lm-long piece of dendrite with one attached spine or a 20-lm-long dendrite with ten randomly distributed spines. Both dendrites had a diameter of 0.6 lm (Fig. 1B) . In both cases, the dendrite and spines were subdivided into voxels to accurately simulate spatial aspects of signaling molecules. The layer of voxels adjacent to the membrane was labeled the submembrane domain.
As this is a spatial model, some molecules were localized to the spine or submembrane domain whereas others were freely diffusible. Metabotropic receptors, G proteins, adenylyl cyclase, phospholipase C, diacylglycerol lipase, phosphoinositol bisphosphate, and protein kinase A (PKA) holoenzyme were localized and/or anchored both in this submembrane domain and in the spine head. The diffusible molecules included cyclic adenosine monophosphate (cAMP), adenosine triphosphate (ATP), calcium, all forms of calmodulin (Cam), calcium/calmodulin-dependent protein kinase type 2 (CamKII), dopamineand cAMP-regulated neuronal phosphoprotein (DARPP32), and Epac1. The diffusion constants of diffusible molecules are listed in the reaction rates file.
Molecule quantities were either taken from prior striatal models (Oliveira et al., 2012; Kim et al., 2013) or experimental publications or adjusted to reproduce experimentally measured concentrations of downstream molecules; for example, the balance of adenylyl cyclase and phosphodiesterase was adjusted to produce a 30 nM basal cAMP concentration (Bacskai et al., 1993; Mironov et al., 2009) . Changes in molecule quantity due to chronic alcohol treatment were based on published experiments showing increase in Gbc (Bowers et al., 2008) , increase in metabotropic glutamate receptor types 1/5 (mGluR1/5) (Obara et al., 2009; Meinhardt et al., 2013) , lower evoked dopamine (Hirth et al., 2016; Siciliano et al., 2017) , changes in Gs-coupled signaling (Lucchi et al., 1983; May et al., 1995; Nestby et al., 1999; Kashem et al., 2012) , or increased calcium influx due to increases in NMDA receptor 2B (NR2B) subunits relative to NR2A subunits (Wang et al., 2010; Chen et al., 2011; Ma et al., 2017) . Initial conditions specifying molecule quantities are available on github (https://github.com/neurord/D1pathwa ys/blob/master/IC_SPNspineAChm4R_AC1_coupleGqhigh.xml).
The model was activated using either theta burst stimulation (TBS) to produce LTP or 20-Hz stimulation to produce LTD (Lerner & Kreitzer, 2012; Hawes et al., 2013) . In addition, two spike timing-dependent plasticity (STDP) protocols were used to provide an additional protocol that produces LTP. In brain slices, theta burst stimulation consists of a burst of four stimulation pulses at 50 Hz, with the burst repeated 10 times at a theta frequency of 10.5 Hz. Four of these trains of 10 bursts are delivered 15 s apart. 20-Hz stimulation consists of 1 s of 20-Hz stimulation repeated 20 times with a 10-s interval. Experimentally, the STDP protocol consisted of 60 pairings of a pre-synaptic stimulation with a post-synaptic action potential, the latter elicited with a 30-ms depolarizing current injection. Glutamate release by electrical stimulation was modeled as 1 mM glutamate for each stimulation pulse (for binding to mGluRs), calcium influx into the spine produced by activation of post-synaptic NMDA receptors and calcium influx into the dendrite caused by activation of voltage-dependent calcium channels. The amount of calcium influx was adjusted to reproduce the calcium concentration simulated using a biophysically based model of a spiny projection neuron (Jedrzejewska-Szmek et al., 2017) , which showed that calcium concentration was~59 higher for TBS than for 20 Hz and that STDP with a +10-ms interval produced 15 lM whereas a À30-ms interval produced < 2 lM peak calcium concentration. Electrical stimulation also evokes release of dopamine (Rice & Cragg, 2004; Salinas et al., 2016) and firing of acetylcholinergic neurons. The acetylcholine concentration profile followed the burst and pause pattern observed in vivo and in vitro (Bennett et al., 2000; Morris et al., 2004; Goldberg & Reynolds, 2011) . The dopamine concentration for the first train was 0.8 lM for 20 Hz and 1.2 lM for TBS, based on voltammetric measurements (described below). For subsequent trains, the dopamine concentration was lower, consistent with the time interval-dependent decrease in evoked dopamine during repeated stimulation (Mamaligas et al., 2016) . Thus, subsequent trains of dopamine for TBS (with a 15-s intertrain interval) were~0.8 lM (a 30% decrease), and subsequent trains of dopamine for 20 Hz (with a 10-s intertrain interval) were either~0.4 lM (for moderate dopamine) or decreased to~0.25 lM (for low dopamine). For STDP, both +10-ms and À30-ms intervals used the same dopamine, acetylcholine, and glutamate. Figure 2 shows the dopamine, acetylcholine, calcium, and glutamate profiles for 20-Hz and theta burst stimulation.
We used a stochastic simulation technique, as many molecular populations are small resulting in large fluctuations about the mean within small compartments such as spines (Grima, 2009; Anderson et al., 2010) . Similarly, diffusion of second messenger molecules within and between spines and dendrites occurs stochastically. The model was implemented using an efficient mesoscopic stochastic reaction-diffusion simulator NeuroRD (Jedrzejewski-Szmek & Blackwell, 2016) because the large numbers of molecules in the Signaling pathways underlying synaptic plasticity in striatal direct pathway spiny projection neuron. (A) Dopamine D1 receptors (D1R) are coupled to the stimulatory subtype of GTP binding protein (GolfGTP) and lead to production of cAMP via adenylyl cyclase (AC). cAMP activates exchange protein activated by cAMP (Epac) and protein kinase A (PKA). Both metabotropic glutamate receptors (mGluR1/5) and acetylcholine muscarinic type 1 (m1) receptors are coupled to Gq subtype of GTP binding protein (GqGTP) which activates phospholipase C (PLC), which produces diacylglycerol (DAG), which is a substrate for diacylglycerol lipase (DAGL) and also activates calcium-bound protein kinase C (PKC). Acetylcholine also activates muscarinic type 4 (m4) receptors, which are coupled to the inhibitory subtype of GTP binding protein (GiGTP) and inhibits the production of cAMP by adenylyl cyclase. Calcium (Ca) binds to various buffers including calmodulin which can activate protein phosphatase 2B (calcineurin; PP2B), phosphodiesterase 1B (PDE1B) to degrade cAMP, and calcium/calmodulin-dependent protein kinase type 2 (CamKII). There are several interactions between these pathways: CamKII phosphorylates and inactivates diacylglycerol lipase, which produces the endocannabinoid 2-arachidonoylglycerol (2AG). PKA phosphorylation of DARPP32 inhibits the protein phosphatase type 1 (PP1) that dephosphorylates CamKII. PLC: phospholipase C; PIP 2 : phosphoinositol bisphosphate; PP2A: protein phosphatase 2A. (B) Morphology used for simulations, visualized using NeuroRDViz.py (https://www.gihub.com/neuroRD/NeuroRDviz). Most results used the 2-lm-long dendrite with single spine; simulations on spatial specificity used the 20-lm-long dendrite with 10 spines (some attached to the same voxel). In both morphologies, the submembrane voxels are 0.1 lm high, the next layer of voxels is 0.2 lm high, and the central core voxels are 0.3 lm high. Diffusion is axial in the spines and two-dimensional in the dendrite. morphology described (Fig. 1 ) made tracking individual molecules in microscopic stochastic simulators computationally expensive. NeuroRD version 3.2.3 (https://github.com/neurord/stochdiff/release s) adaptively switches between exact and leap without partitioning the system based on propensity of each reaction or diffusion event. The accuracy control parameter was set to 0.002 for all simulations. This simulator uses reflective boundary conditions (molecules that would have diffused beyond the edge of the morphology remained within the morphology). A single simulation of 300 s (of the dendrite with one spine) takes~18 h on an Intel â Xeon â CPU E5-2650
processor. Simulations were repeated three times each and analyzed in Python 2.7. All model files and analysis code are freely available (https://github.com/neurord/D1pathways).
To screen for sensitive model parameters, the model was implemented in SimBiology toolbox of MATLAB (MathsWork) and solved with ode15s solver with a maximum time step of 0.01 s in a one-compartment morphology using a deterministic approach as in previous work (Gutierrez-Arenas et al., 2014; Nair et al., 2015 Nair et al., , 2016 . We calculated local sensitivities for every model output variable with respect to every model parameter. To obtain the numeric approximations of the change in output variables, each parameter was perturbed one at a time by AE10% of its initial value. We performed local sensitivity analysis as it has been successfully used previously to identify analytical mechanisms in various biological models (Gutierrez-Arenas et al., 2014; Nair et al., 2015 Nair et al., , 2016 . All the rate constants were investigated to determine how sensitive the output variables were to deviation of parameters. The simplified is available in the BioModels database (Chelliah et al., 2015) in SBML format (accession MODEL1804050001).
Fast-scan cyclic voltammetry
Brain slices for fast-scan cyclic voltammetry were prepared as described in Crowley et al. (2014) and Hawes et al. (2013) . Briefly, 4-to 8-week-old C57BL6/J male mice (n = 5; Jackson Laboratory, Bar Harbor, ME; stock #000664) were anesthetized with isoflurane (Mamaligas et al., 2016) , which show that recovery of dopamine release is less after 10-s intervals (used for 20 Hz) than after 15-s intervals (used for TBS). (D). Voltammetric measurements of dopamine used to constrain model dopamine input. A single burst of four pulses produces~0.8 lM of dopamine. Giving 40 pulses of either TBS or 20 Hz increases the dopamine transient by~30% compared to the four-pulse burst. Based on these data, dopamine input (shown in C) for TBS had a concentration of 1.2 lM. As a train of 20 Hz uses only 20 pulses, the dopamine transient for 20 Hz was lowered compared to TBS. and killed by decapitation. Brains were extracted quickly and placed in oxygenated ice-cold sucrose slicing solution (in mM: 194 sucrose, 30 NaCl, 4.5 KCl, 26 NaHCO 3 , 1.2 NaH 2 PO 4 , 10 dextrose, and 1 MgCl 2 ). Coronal slices were cut 300 lm thick on a Leica Vibratome (VT1200S), bisected between hemispheres, and placed in an incubation chamber containing aCSF (in mM: NaCl 126, NaH 2 PO 4 1.25, KCl 2.8, CaCl 2 2, MgCl 2 1, NaHCO 3 26, dextrose 11) heated to 33°C for 30 min and then removed to room temperature (21-23°C) for 1 h before recording. Following the incubation period, slices were transferred to the slice chamber and a twisted, bipolar, stainless steel stimulating electrode (Plastics One) was placed in the white matter overlying the dorsomedial striatum. The carbon fiber electrode was then positioned in the dorsomedial striatum approximately 300 lm from the stimulating electrode.
Carbon fiber electrodes were made as previously described (Crowley et al., 2014) and cut to~150 lm in length. The carbon fiber electrode potential was linearly scanned as a triangle waveform from À0.4 to 1.2 V and back to À0.4 V at 400 V/s. Cyclic voltammograms were collected at 10 Hz using a Chem-Clamp (Dagan Corporation) and DEMON voltammetry software (Yorgason et al., 2011) . Dopamine release was evoked using 40 200-ls monophasic electrical stimuli delivered with a constant-current stimulator (Digitimer) in either a theta burst or 20-Hz pattern. In all slices, dopamine release was measured first in response to four pulses at 50 Hz. Then, the response to 40 pulses using the protocol was measured and reported as a ratio of the train response to the four-pulse response. For theta burst protocol, a burst of four pulses was delivered at 50 Hz, and this burst was repeated 10 times with an interburst interval of 95 ms. For the 20-Hz protocol, 40 pulses were delivered at 20 Hz for 2 s. The stimulation intensity for each slice was determined from a preliminary input-output curve and set to yield a peak dopamine transient approximately 50% of the maximal response (between 500 and 800 lA).
Statistical analysis
To develop a predictive model of LTP vs. LTD, we used a linear discriminant analysis applied to the key molecules for two sets of simulations: those whose experimental outcomes were known and those whose experimental outcomes were unknown. We sampled the concentration of five different molecules (2AG, Epac1, PKA, CamKII, and PKC) each at three time points (the average concentration using a 60-s window centered at 60, 120, and 180 s) for both the spine and the dendrite. To introduce a non-linearity, two separate two-outcome discriminant analyses were performed and the results combined. The first outcome was LTP or not, and the second outcome was LTD or not. The overall result was LTP if the two outcomes were (LTP, not LTD), and LTD if the two outcomes were (not LTP, LTD), and no plasticity otherwise. Because many of these 30 molecule-time-space samples are correlated, we used a two-part procedure, in which the first part selects a subset of the 30 samples to use in the second part. In part 1, the two stepwise discriminant analyses utilized the SAS procedure STEPDISC applied to three repeats of each of 10 conditions (Table 1 ). The stepwise discriminant using LTP vs. no LTP as the outcome provided one set of samples, and the stepwise discriminant using LTD vs. no LTD as the outcome provided a second set of samples. In part 2, two discriminant analyses (SAS procedure DISCRIM) are performed (again, one for LTP vs. no LTP and one for LTD vs. no LTD) using the two sets of samples identified in part 1. The results of the two discriminant analyses in part 2 are combined to classify both the training set of three repeats of 10 conditions (listed in Table 1 ) and the test set of conditions (three repeats each) with unknown outcomes (listed in Tables 2 and 3 ). For both part 1 and part 2, all three repeats of all 10 conditions (Table 1) are used as the 'training' set; however, the results reported from part 2 for these 10 conditions are from the leave-one-out cross-validation method used by the SAS procedure DISCRIM.
Results
Model agrees with numerous data sets
We created a spatial, stochastic reaction-diffusion model of signaling pathways of direct pathway (dopamine D1 receptor-containing) Table 1 . Cross-validation outcome of three trials for each condition predicted by linear discriminant analysis. The outcome of two discriminant analyses was used for the predictions. The LTD (or no LTD) discriminant analysis used spine PKC and dendritic pCamKII at 1 min and dendritic 2AG at 3 min. The LTP (or no LTP) discriminant analysis used dendritic 2AG, spine Epac1, dendritic pCamKII, and spine pCamKII at 1 min; spine PKC and dendritic pCamKII at 2 min; and phosphorylated PKA targets in the spine at 3 min. Experimental Outcome gives the reported EPSP or population spike (PopSpike) amplitude from the publication in Source. NP indicates no plasticity determined as non-significant difference to the experimental control *Considered unknown because LTD was observed using 10-Hz (not 20-Hz) stimulation in unidentified neurons (Ronesi & Lovinger, 2005) and no LTD was observed using 20-Hz stimulation in D2R (not D1R) neurons (Lerner & Kreitzer, 2012) .
spiny projection neurons to investigate the control of synaptic plasticity by spatio-temporal patterns. The model included pathways activated by calcium influx, as well as several metabotropic receptors: dopamine D1 receptors coupled to GolfGTP, muscarinic type 4 acetylcholine receptors coupled to GiGTP, and both metabotropic glutamatergic type 1/5 receptors and muscarinic type 1 acetylcholine receptors that are coupled to GqGTP (Fig. 1A ). These reactions, together with diffusion of second messengers, were implemented in a spatial model of a dendrite with one or more spines (Fig. 1B) . Model parameters were adjusted to reproduce diverse sets of data that measured DARPP32 phosphorylation in response to various agonists and antagonists, and depolarization-induced suppression of inhibition (DSI). The model was simulated stochastically using NeuroRDv3, open-source software for computationally efficient simulation of reaction-diffusion systems (https://github.com/neurord/stoc hdiff/releases). Figure 3 illustrates that the model indeed reproduces many of the experiments reported in the literature. Stimulation of dopamine receptors, calcium influx, inhibition of phosphodiesterases, and inhibition of phosphatases each produce the appropriate increase in DARPP32 phosphorylation on threonine (Thr) 34 and Thr75 (Fig. 3A) . In addition, the model exhibits the correct basal quantities of several molecules, including cAMP (Mironov et al., 2009) , calcium, and phosphorylation of DARPP32 on Thr34 and Thr75, which have been reported in the literature (Nishi et al., 1999 (Nishi et al., , 2002 . Activation of mGluR1/5 enhances 2AG production for brief durations of calcium influx but not for long durations of calcium influx (Uchigashima et al., 2007) . The increase in 2AG by mGluR1/5 activation in the model (Fig. 3B) is similar to the 2AG-dependent increase in short-term depression of inhibitory inputs produced by mGluR5/1 stimulation (Uchigashima et al., 2007) .
A single set of molecular signatures predicts the correct direction of synaptic plasticity
To evaluate the ability of the model to predict synaptic plasticity, we simulated a theta burst protocol ) that produces LTP and a 20-Hz protocol (Lerner & Kreitzer, 2012; Hawes et al., 2013 ) that produces LTD. These stimulation protocols were selected because both LTP and LTD can be produced in the same brain region and magnesium concentration, with only a change in stimulation pattern. We evaluated both the control conditions and the effect of various receptor and kinase antagonists, both to demonstrate the ability of the model to predict synaptic plasticity direction and to make experimentally testable predictions.
The synaptic inputs used to activate the model (calcium influx, glutamate, dopamine, and acetylcholine) were adjusted based on several data sources. The amount of calcium influx ( Fig. 2A ) was adjusted to reproduce the calcium concentration simulated using a biophysical model of a spiny projection neuron (JedrzejewskaSzmek et al., 2017), which itself was constrained by calcium imaging experiments (Carter & Sabatini, 2004; Shindou et al., 2011) . Note that the concentration is considerably higher in the spine than in the dendrite, as observed experimentally. The acetylcholine profile (Fig. 2B) followed the burst and pause pattern observed in vivo (Morris et al., 2004; Goldberg & Reynolds, 2011) . Dopamine concentration (Fig. 2C) for the first train of stimulation was based on published experiments measuring the dopamine concentration in response to several stimulation pulses (Zhang & Sulzer, 2004; Threlfell et al., 2012) and further constrained by voltammetry experiments measuring dopamine concentration in response to a train of 40 pulses (Fig. 2D) . The latter experiments demonstrate that a train Fig. 3 . The model reproduces the experimentally observed change in DARPP32 phosphorylation, and the experimentally observed effect of mGluR agonists on 2AG production. (A) Bath application of dopamine agonists (DA) produces an increase in phosphorylation of DARPP32 on Thr34, which is reduced by NMDA agonists (Ca). In contrast, bath application of both dopamine and calcium agonists together reduces phosphorylation of DARPP32 on Thr75. These changes are consistent with experimental measurements (Nishi et al., 1999 (Nishi et al., , 2002 . Bath application of the type 10 phosphodiesterase inhibitor papaverine (Pap), but not the type 4 phosphodiesterase inhibitor rolipram (Roli), increases phosphorylation of DARPP32 on Thr34. These changes are consistent with experimental measurements (Nishi et al., 2008) . Both inhibitionors of protein phosphatase 2B by cyclosporin A (CyA) and protein phosphatase 2A by okadaic acid (OA) elevate phosphorylation of DARPP32 on Thr34, whereas only the inhibitor of protein phosphatase 2A elevates phosphorylation of DARPP32 on Thr75. These changes are consistent with experimental measurements (Nishi et al., 1999 (Nishi et al., , 2002 . (B) DHPG facilitates the production of 2AG by calcium, but such facilitation is smaller for the 5-s-duration calcium influx, as reported in Uchigashima et al. (2007) .
of 40 pulses delivered at theta burst produces a dopamine elevation that is slightly higher than the 40 pulses delivered at 20 Hz. Because both patterns used the same number of pulses, this shows that the theta burst pattern is slightly more efficient than the 20-Hz train. As the 20-Hz train in the model delivered only 20 pulses, the dopamine model input in response to the first train of 20 Hz was correspondingly reduced below the value measured for 40 pulses. In addition to these constraints for dopamine in response to the first train of stimulation, the dopamine for subsequent trains was reduced (Fig. 2C) , especially for the 20-Hz stimulation delivered at 10-s intervals because dopamine recovery is lower for 10-s than 15-s interval (Mamaligas et al., 2016) . Figure 4 shows that key molecules implicated in synaptic plasticity differ between TBS and 20 Hz. Both phosphorylated CamKII (Fig. 4A ) and activated PKC (Fig. 4B) are greater in response to TBS than 20 Hz. In addition, both PKC and active CamKII (both phosphorylated and calmodulin-bound CamKII) are greater in the spine than in the dendrite due to a higher spine calcium concentration. Both PKA and Epac1 depend on dopamine D1 receptor activation producing an elevation in cAMP concentration, and both molecules are greater for TBS than for 20 Hz (Fig. 4C and D) . The differential response of all four of these molecules to TBS vs. 20 Hz is consistent with experiments showing their role in various forms of striatal LTP. The elevation of 2AG (Fig. 4E) does not Fig. 4 . Response of key plasticity molecules differs between TBS and 20-Hz stimulation. Traces of (A) phosphorylated CamKII, (B) active PKC, and (C) phosphorylated PKA targets (phosphodiesterases, protein phosphatase 2A, and DARPP32 phosphorylated on Thr34): in the spine (left column) and in the dendrite (right column). Traces of (D) 2AG and (E) Epac1 in the dendrite were qualitatively similar to the spine traces, which were too noisy to distinguish individually. PKA, CamKII, PKC, and Epac1 were greater for TBS than for 20 Hz, whereas 2AG exhibited a more prolonged elevation for 20 Hz than for TBS. PKC was much greater in the spine than in the dendrite because it binds to the membrane-associated diacylglycerol for activation. In all panels, the three repetitions are shown in three shades of red (TBS) or gray (20 Hz).
differ between TBS and 20 Hz early during the stimulation protocol; however, the 2AG elevation is more persistent for 20 Hz than TBS, consistent with its role in LTD.
To develop a predictive model of LTP vs. LTD, we simulated the effect of various antagonists on molecule dynamics during TBS or 20-Hz stimulation and then used a discriminant analysis applied to the key molecules. We sampled the mean (within a 60-s window) molecule concentration at three time points: 60, 120, and 180 s after stimulation onset, in both the spine and the dendrite. To eliminate correlated samples and reduce the dimensionality of the space, a stepwise linear discriminant analysis was performed first to identify the important samples, and then a second linear discriminant analysis used the identified molecule-time-space samples and known outcomes to associate regions in multi-dimensional space with a particular outcome. Table 1 lists the simulation experiments, the experimentally observed outcome, the prediction by the discriminant analysis, and the source of the experimental data. These results show that using a small set of molecule-time-space samples can correctly predict all outcomes. The LTD (or no LTD) discriminant analysis used spine PKC and dendritic pCamKII at 1 min and dendritic 2AG at 3 min, which samples are consistent with the differences shown in Fig. 4 . The LTP (or no LTP) discriminant analysis used dendritic 2AG, spine Epac1, and both dendritic and spine pCamKII at 1 min; spine PKC and dendritic pCamKII at 2 min; and phosphorylated PKA targets in the spine at 3 min. The number of pCamKII samples is consistent with the prolonged difference between TBS and 20 Hz shown in Fig. 4A , and also the phosphorylated PKA targets differ more at 3 min after stimulation than at other times (Fig. 4C) . Figure 5A shows two 2D slices through the multi-dimensional discriminant space to illustrate how the combination of key molecules can predict the occurrence of LTP, LTD, or no plasticity. For example, the plot of PKC vs. pCamKII suggests that moderate PKC and low pCamKII concentrations are associated with LTD, whereas the plot of PKA vs. 2AG confirms that a high 2AG concentration is needed for LTD. Figure 5A and B also shows that LTP requires elevated PKC, CamKII, and PKA and that the elevated PKC cannot be accompanied by either an elevated 2AG or a low PKA.
Predictions for conditions whose experimental outcomes are unknown were made using time samples from the corresponding simulations as test data for the discriminant analyses. Table 2 gives the outcomes for these conditions, and Figures 5B and 6 graphically illustrate the change in molecule concentrations for these simulations. The discriminant analysis predicts that blocking m4R will still produce LTP for theta burst, but will eliminate 20-Hz LTD, which is logical because the Gi-coupled muscarinic m4 receptors inhibit adenylyl cyclase; thus, blocking m4R would enhance cAMP (Nair et al., 2015) . Blocking CamKII will prevent LTP induced by TBS, but will not hinder LTD induced by 20 Hz, a prediction consistent with the inhibition of diacylglycerol lipase by CamKII phosphorylation (Shonesy et al., 2013) and the reports of CamKII inhibitors preventing other types of striatal LTP (Cui et al., 2016) . Blocking dopamine D1 receptors will not disrupt 20-Hz LTD, as the Golf-coupled D1R activates adenylyl cyclase and increases cAMP, a molecule not known to be needed for LTD. Blocking mGluR is predicted to have no effect on LTD, which is similar to the lack of effect on 10-Hz LTD (Ronesi & Lovinger, 2005) , but differs from that shown for 20-Hz LTD in D2R neurons (Lerner & Kreitzer, 2012) . In summary, by collectively considering the concentration of five key molecules implicated in synaptic plasticity, the simulations can account for known synaptic plasticity experiments and make experimentally testable predictions regarding the effect of antagonists.
The stochastic reaction-diffusion model used here contains several hundred parameters, some of which are not directly measured but inferred to fit experimental data. To gain additional insight, we carried out local sensitivity analysis which facilitated identifying the sensitive parameters. To achieve this, we first re-implemented the model reactions in a deterministic, single-compartment model. We assumed the same total amounts of the molecules and similar reaction kinetics, and typically, we used the averaged input signals from the NeuroRD model. Figure 7A shows an example using activated Epac1, which is similar to Fig. 4D . The output was compared with the average behavior of the NeuroRD model. The single-compartment SimBiology model responses correlated with the NeuroRD model for both TBS and 20 Hz, but of course did not capture differences due to location of the molecules and also the different input signals, for instance, calcium experienced by these molecules in the spine vs. the dendrite. As comparisons of the changes in the signature molecules for 20 Hz and theta burst are the most important, we normalized the output by first estimating the area under the curve (AUC) and then compared the ratio of the response for TBS to 20 Hz for the signature molecules (Fig. 7B) . Then, we perturbed the parameters one at a time by AE10%, repeated the simulations, and again looked at the same target molecules for 20 Hz and TBS. A large majority of the 10% perturbations produced a much smaller effect in the target molecules. However, there are a few parameters that if varied changed the output over 10%. Figure 7C and D illustrates this for 20 Hz and TBS, respectively.
Spatial patterns of stimulation produce spatially specific LTP and heterosynaptic LTD
To evaluate the spatial specificity of synaptic plasticity, the morphology was extended into a 20-lm-long dendrite with 10 randomly placed spines (Fig. 1C) . We stimulated two spines, either 1 and 2 (adjacent) or 1 and 7 (separated). To evaluate spine specificity, we compared the molecule concentrations (PKA plus PKC-spine molecules identified in the stepwise discriminant analysis) of spines 2 and 7 for both the adjacent and separated stimulation condition. Comparing the response of spine 2 with spine 7, tests for cooperative effect of having a stimulated spine nearby. Figure 8A shows that spine signature exhibits spatial specificity: The spine signature is higher when the spine is stimulated for both spines 2 and 7, although only for theta burst stimulation. In addition, the spines exhibit a small degree of cooperativity: The spine signature is slightly higher when an adjacent spine is stimulated than when a distant spine is stimulated, again only for the theta burst stimulation. In all cases, the spine signature was greater for TBS (left) than for 20 Hz (right). The spine signature does not differ between stimulated and non-stimulated spines for 20-Hz stimulation, suggesting a lack of spatial specificity at this spatial scale for LTD. . Y-axis represents the fractional response change for the signature molecules due to each respective parameter. The following parameter naming convention is used for the x-axis: Kcat_S1xS2 is catalytic rate of the enzyme S1 on substrate S2; kf_S1xS2 is association rate constant (kf) between two molecules, S1 and S2; and kb_S1xS2 is dissociation rate constant (kb) between two molecules, S1 and S2.
To evaluate spatial and temporal specificity in the dendrite, we plotted some dendritic molecules identified in the stepwise discriminant analysis: pCamKII+Epac1 -2AG, as CamKII contributes to LTP whereas 2AG is needed for LTD. In Figure 8B and C, the dendritic signature is greater for TBS than for 20 Hz, similar to the effect of temporal pattern in the one-spine case. In addition, comparison of Fig. 8B with 8C shows a lack of spatial specificity at this scale, as the dendritic signature for both cases (spines separated or spines adjacent) does not differ. Overall, these results suggest that LTP changes in the spine will exhibit spatial specificity, whereas LTD will not exhibit spatial specificity on this spatial scale. In addition, the signature for non-stimulated spines during theta burst stimulation resembles that of 20-Hz stimulation, suggesting that heterosynaptic LTD may occur during theta burst stimulation.
Effect of alcohol is to enhance LTP and reduce LTD
A troubling aspect of alcohol use disorder is the tendency to relapse in response to cues previously associated with alcohol ingestion. The convergence of cue-related cortical inputs with drug-related dopamine inputs in the striatum during alcohol taking functions as a conditioned reinforcer and results in aberrant synaptic plasticity. After chronic alcohol exposure, cue-induced reinstatement of alcohol seeking or other cognitive deficits contributing to relapse may be caused by this aberrant synaptic plasticity (as well as other mechanisms).
To evaluate whether the molecular changes of chronic alcohol enhance development of plasticity of cortical-striatal synapses, we simulated partial TBS and 20-Hz stimulations protocols (4 instead Fig. 8 . Simulations in a long dendrite with multiple spines reveal spine spatial specificity for TBS but not for 20 Hz. In all simulations, spine 0 and either spine 1 or spine 6 are stimulated. (A) Spine signature (normalized sum of PKC activity and PKA-phosphorylated proteins) reveals spatial specificity for theta burst stimulation, but not 20-Hz stimulation. Spine 1 is stimulated for the adjacent (adj), case and spine 6 is stimulated for the separated (sep) case. Only plots of spine 1 (black and gray traces) and spine 6 (red and pink traces) are shown, with the dark traces indicating the stimulated condition and the lighter traces indicating the non-stimulated condition. (B) Dendritic signature differs between TBS and 20 Hz, but does not exhibit spatial specificity. Dendritic signature is calculated as normalized phospho-CamKII plus Epac1 minus 2AG. B1: two adjacent spines stimulated; B2: two separated spines stimulated.
of 10 theta burst trains and 8 instead of 20 trains of 20-Hz stimulation), while continuing to keep number of pulses equivalent for protocols. The glutamatergic inputs of these stimulation protocols are a surrogate for the drug-paired cues. The reduced number of trains represents the very few (i.e., only one) cues needed for reinstatement and also prevents a ceiling effect in detecting an increase in signaling molecules. Predictions for these simulations were made using time samples from the corresponding simulations as test data for the original discriminant analysis. Figure 9 shows that molecules predictive of plasticity are enhanced in the chronic alcohol model compared to the control model. The discriminant analysis predicted both TBS and 20 Hz would produce LTD in the control model and LTP in the chronic alcohol model. Additional simulations evaluated which molecular changes contributed most to the change in plasticity. Table 3 lists the predictions from the control and chronic alcohol simulations together with the predictions from changes in NMDA alone or changes in G protein signaling (mGluR, Gprot, and AC) alone. Changes in NMDA alone are not sufficient to account for LTP in response to the reduced stimulation, whereas changes in G protein signaling give the same predictions as the full chronic alcohol model.
Discussion
We created a unified model of signaling pathways of striatal, direct pathway (dopamine D1 receptor-containing) spiny projection neurons to investigate the control of synaptic plasticity by spatio-temporal patterns of stimulation. Model parameters were constrained by a large and diverse set of data to provide credibility and robustness to the results. We simulated a set of ten LTP and LTD stimulation protocols with known outcomes, including stimulation in the presence of antagonists of various receptors or kinases, and were able to account for the plasticity results of all protocols. We evaluated molecule concentrations during the first few minutes after stimulation because experiments in other brain regions have revealed a short temporal window for induction of synaptic plasticity (Ronesi et al., 2004; Murakoshi et al., 2017) . Most prior models have investigated only a small subset of different protocols; thus, the ability of our model to account for both STDP and frequency-dependent protocols, and many pharmacological agents, strengthens the model predictions. The unique, spatial aspects of the model enabled evaluation of spatial specificity and heterosynaptic plasticity.
The use of a spatial model permitted inspection of molecule concentrations separately in the spine and in the dendrite. Molecules in these different spatial compartments may serve different roles during induction of synaptic plasticity, analogous to synaptic tagging and capture that has been proposed in the hippocampus (Frey & Morris, 1997; Redondo & Morris, 2011) . Kinases in the spine may 'tag' specific spines as the ones to undergo long-term plasticity, via changes in spine volume or receptor insertion (Okamoto et al., 2004) , whereas kinases in the dendrite initiate synthesis of proteins, either locally or by sending a signal to the soma (Redondo & Morris, 2011) . The newly synthesized proteins (which lack spatial specificity) are then 'captured' by the spatially specific, tagged spines to convert the short-term changes into long-term changes.
Many of the molecules used by the model to predict plasticity have been implicated in the processes needed for synaptic tagging or capture. Tagging is thought to involve re-organization of the actin cytoskeleton (Ramachandran & Frey, 2009; Redondo & Morris, 2011) , which requires activation of cofilin for depolymerization, followed by inactivation of cofilin to facilitate re-polymerization (Gu et al., 2010) . Both cofilin and several other actin-interacting proteins are regulated by PKA (Lamprecht & Ledoux, 2004; Nadella et al., 2009) , CamKII (Hoffman et al., 2013; Araki et al., 2015) , and Epac1 (Penzes et al., 2011; Penzes & Cahill, 2012) . The capture part of synaptic tagging implies that new proteins are synthesized as part of LTP induction. Translation (protein synthesis) and transcription typically require extracellular signal-regulated kinase (ERK) activation, which is critical for most forms of synaptic plasticity (Kelleher et al., 2004; Shalin et al., 2006; Valjent et al., 2006; Shiflett & Balleine, 2011; Hawes et al., 2013) . Both PKA and Epac1 are key signaling molecules activated by cAMP that converge on ERK (Vossler et al., 1997; Gelinas et al., 2007; McAvoy et al., 2009) . PKC also contributes to ERK activation via phosphorylation of kinases that activate ERK (Bouschet et al., 2003; Shalin et al., 2006) . CamKII has been implicated in the regulation of protein synthesis via phosphorylation of cytoplasmic polyadenylation element binding protein (Atkins et al., 2005) . Together, control of actin and protein translation provide downstream mechanisms that are consistent with the results.
Whereas most of the molecules act post-synaptically to produce LTP, both 2AG and anandamide act pre-synaptically to produce LTD (Gerdeman et al., 2002; Ronesi et al., 2004; Lerner & Kreitzer, 2012) . Both of these endocannabinoids are produced postsynaptically in response to elevations in calcium and metabotropic glutamate receptor activation (although the Gq-coupled muscarinic m1 receptors may also contribute), with anandamide implicated in 100-Hz LTD (Ade & Lovinger, 2007) and 2AG implicated in 20-Hz LTD (Lerner & Kreitzer, 2012) . Calcium is required not only to produce diacylglycerol but also either for diacylglycerol lipase activity or for exporting 2AG from the post-synaptic terminal (Shonesy et al., 2015) . Then, 2AG diffuses to the pre-synaptically located CB1 receptors to induce LTD through a decrease in neurotransmitter release (Atwood et al., 2014; Shonesy et al., 2015) . A previous model (Kim et al., 2013) demonstrated that 2AG is produced even during LTP induction protocols. That model did not include the more recently discovered inhibition of 2AG production by CamKII (Shonesy et al., 2013) . Including this pathway interaction resulted in suppression of 2AG production during the theta burst stimulation; however, the brief 2AG elevation may still be sufficient to induce heterosynaptic LTD (Ronesi et al., 2004) .
Two types of spatial specificity were exhibited by the model. The concentration of molecules in the spine differed from the dendrite, and in the simulations of the long dendrite with multiple spines, molecule concentration differed between stimulated and non-stimulated spines. PKC exhibits strong spatial specificity because it is activated by binding to the membrane-associated diacylglycerol (Olds et al., 1989; Oancea & Meyer, 1998) . The spatial specificity of PKC resulted in spatial specificity of LTP; however, two other molecules implicated in LTP, PKA and CamKII, exhibited smaller gradients despite the low rate of diffusion measured experimentally (Lu et al., 2014; Tillo et al., 2017) . The lack of gradients could be due to the stimulation protocols used for synaptic plasticity induction: Spatially non-specific dopamine (Dreyer et al., 2010) or calcium influx through dendritic voltage-gated calcium channels (Higley & Sabatini, 2010) can elevate PKA and CamKII in the dendrites. Alternatively, the lack of gradients could indicate the need to add additional mechanisms for spatially delimiting molecule activity, such as CamKII anchoring to NMDA receptors (Bayer et al., 2001) , or inactivation of diffusing PKA catalytic subunits by excess PKA regulatory subunit (Walker-Gray et al., 2017) . Not all molecules exhibited spatial specificity: The molecules that diffused freely, such as 2AG and Epac1, did not exhibit a spatial gradient. The lack of gradient for 2AG is consistent with experiments in other brain regions showing that endocannabinoids can affect synapses~20 microns away from the site of generation (Wilson & Nicoll, 2001) , and suggests that LTD will not exhibit spatial specificity at the spatial resolution of our simulations. If the brief elevation of 2AG observed with TBS is sufficient to produce LTD, this would suggest that TBS LTP is accompanied by heterosynaptic LTD, and suggests a mechanism underlying homeostatic scaling (Turrigiano, 2012) .
There are several caveats to the present study. Ideally an experimental test of some of the predictions is required to better demonstrate the validity of the model, for example, testing the CamKII dependence of theta burst LTP. The recent demonstration of CamKII dependence for other plasticity protocols (Cui et al., 2016) suggests that this prediction is likely to be confirmed. In the absence of experimental validation, the plasticity outcomes predicted by the discriminant analysis are quite logical. For example, the prediction that enhanced (but not reduced) cAMP signaling would block 20-Hz LTD is consistent with results from 100-Hz LTD experiments (Augustin et al., 2014) . Similarly, PKA is required for most forms of striatal LTP (Spencer & Murphy, 2002; Hawes et al., 2013) , and thus, blocking m4R should facilitate LTP, as predicted previously (Nair et al., 2015) . The one limitation of the model is that it did not show an LTD deficit when mGluRs were blocked. This is partly due to strong contribution of m1R in the production as well as diffusion of 2AG. The observation of a significant decrease in spine diacylglycerol after block of mGluRs suggests that restricted 2AG diffusion may solve this model prediction. Another possibility is that m1Rs are restricted to the spine (Olson et al., 2005) instead of being distributed in the dendrites. The restricted spatial distribution would decrease the dominance of m1Rs contribution to 2AG production and improve the model veracity. Yet another possibility is that m1R-activated signaling molecules contribute to LTP by targeting KCNQ channels to enhance cell excitability (Shen et al., 2005) . In other words, if m1R in the model does not contribute to the 'plasticity pool' of Gq-PLC signaling, then the mGluR-activated pool of Gq would increase in importance. Testing the latter hypothesis requires an integrated electrical-biochemical model.
In general, the model is robust to variation in parameters, providing confidence in the model predictions; however, model results are somewhat sensitive to parameters related to receptors, such as receptor quantity. On the other hand, the sensitivity analysis only changed single parameters at a time, despite the fact that some processes are coupled. For example, changes in cAMP caused by increases in adenylyl cyclase can be compensated by increases in phosphodiesterase. Similarly, it is possible that changes in receptor quantity could be partly compensated by changes in neurotransmitter concentration. Thus, better measurements of both neurotransmitter quantity and receptor quantity are needed. FSCV has good accuracy and temporal sensitivity, but it is a measure of overflow (and not synaptic) dopamine. In addition, there is currently no good method for measuring ACh with good temporal specificity in an intact brain or brain slices.
The linear discriminant analysis is an automatic method for determining how each molecule contributes to the plasticity outcome. The initial, stepwise discriminant analysis selected a subset of moleculetime-space samples to determine the occurrence of LTP or LTD. Consistent with the role of dopamine D1R in LTP, the molecules activated by cAMP signaling pathways were selected only for the LTP determination. The linear aspect of this statistical method is a disadvantage, as it is unlikely that plasticity depends on a linear combination of molecule activity. We introduced a single non-linearity by combining the outputs of two linear discriminants; however, sophisticated and modern methods, such as random forest (Diaz-Uriarte & Alvarez de Andr es, 2006; Maroco et al., 2011) , may give better results. On the other hand, all statistical analyses would suffer from the problem of how to sample the waveforms. The initial stepwise discriminant analysis to select a subset of time-space-molecule samples is one solution to this difficulty, although the utility of additional time samples cannot be ruled out. Perhaps the ideal approach is to evaluate the effect of model kinases on key downstream 'hub' signaling molecules, such as ERK activation (Shiflett & Balleine, 2011) , which is influenced by Epac1, PKA, and PKC.
A comprehensive understanding of the molecular mechanisms of striatal synaptic plasticity could be of use for understanding several clinically relevant conditions. Numerous studies (Yin et al., 2004; Gremel & Costa, 2013; Shan et al., 2014; Hawes et al., 2015; Goodman et al., 2016) have demonstrated that synaptic plasticity of the striatum underlies habit learning and that aberrant synaptic plasticity occurs following chronic drug or alcohol treatment in rodents and primates (Shen et al., 2011; DePoy et al., 2013; Ma et al., 2017) . In particular, the reinstatement of drug-taking behavior on exposure to a single drug-paired cue may be a form of fast re-learning, caused by molecular changes observed in withdrawn animals (Lucchi et al., 1983; May et al., 1995; Nestby et al., 1999; Wang et al., 2010; Chen et al., 2011; Kashem et al., 2012; Ma et al., 2017) . Alternatively aberrant synaptic plasticity may partly contribute to alcohol-seeking behavior. To evaluate whether a set of identified molecular changes could account for the aberrant synaptic plasticity observed with chronic alcohol, we evaluated the plasticity outcome while using a brief simulation protocol, which produces LTD in the control model. Simulations using the chronic alcohol treatment model show that both a brief train of 20-Hz stimulation and a brief train of TBS will produce LTP and that both increased calcium through NMDA receptors and changes in G protein signaling contributed to this result. The inability to produce LTD is consistent with experimental studies (Xia et al., 2006; Adermark et al., 2011; DePoy et al., 2013) , whereas the enhancement of LTP is a model prediction, although partly supported by a recent demonstration of enhanced 100-Hz LTP in an alcohol-treated rodent (Ma et al., 2018) . Because presynaptic CB1 receptor signaling is downregulated by ethanol abuse (DePoy et al., 2013) , a more sophisticated analysis of the model output would need to take into account the decreased effectiveness of 2AG for making predictions. Nonetheless, experimental confirmation of these model predictions would suggest that the withdrawn model could be a test bed to determine the key molecular mechanisms to target for preventing relapse.
